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Abstract 

We present the complete next-to-leading order (NLO) QCD corrections to the top quark associ- 
ated with 7 production induced by model-independent tq^ and tqg flavor-changing neutral-current 
(FCNC) couplings at hadron colliders, respectively. We also consider the mixing effects between 
the tq'j and tqg FCNC couplings for this process. Our results show that, for the tqj couplings, the 
NLO QCD corrections can enhance the total cross sections by about 50% and 40% at the Tevatron 
and LHC, respectively. Including the contributions from the tqj, tqg FCNC couplings and their 
mixing effects, the NLO QCD corrections can enhance the total cross sections by about 50% for 
the tu^ and tug FCNC couplings, and by about the 80% for the tcj and teg FCNC couplings at the 
LHC, respectively. Moreover, the NLO corrections reduce the dependence of the total cross section 
on the renormalization and factorization scale significantly. We also evaluate the NLO corrections 
for several important kinematic distributions. 
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I. INTRODUCTION 



Top quark is an excellent probe for the new physics beyond the standard model (SM), 
since it is the heaviest particle discovered so far, with a mass close to the electroweak (EW) 
symmetry breaking scale. Direct evidence for new physics at TeV scale may be not easy to 
find, while indirect evidence, such as modification of SM predictions originated from new 
physics interaction, are important as well. A good consideration is to investigate single 
top quark production process via the anomalous flavor-changing neutral-current (FCNC) 
coupling. The FCNC couplings are absent at the tree level, and occur through loop dia- 
grams within the SM, which are further suppressed by the Glashow-Iliopoulos-Maiani (GIM) 



mechanism 



1|. Therefore, within the SM, single top quark FCNC production is expected to 



have tiny cross section, and is probably unmeasurable at the CERN Large Hadron Collider 
(LHC). However, the single top quark production induced by the FCNC coupling can be en- 
hanced significantly in some new physics models {2 7|. Top quark will be copiously produced 
at the LHC (about 10^ per year), even in the initial low luminosity run (~ 10 fb~Vyear) 
8 X 10^ top quark pairs and 3 x 10^ single top quarks will be produced yearly. With such 
large samples, precise measurements of single top quark production will be available and 
provide a good opportunity to discover the first hint of new physics by observing the FCNC 
couplings in the top quark sector. 

In this paper, we study the single top quark associated with 7 production induced by 
FCNC couplings in a model-independent way by using the effective Lagrangian. The relevant 
effective lagrangian up to dimension 5 consists of the following operators 

7 



q=u,c 

g 

-9s E ^qcT^''T'^ift% + ^hl^l,)tG% + H.c. (1) 

q=u,c 

where A is the new physics scale, A^j^y and G^^^ are the field strength tensors of photon 
and gluon respectively, and are the conventional Gell-Mann matrices, k]^ are real and 
positive, while /^^ and /ij^ are complex numbers satisfying l/^qp + = 1 with V = '-),g 

and q = u,c. 

Present experimental constraints for the tq'j FCNC couplings come from the non- 
observation of the decays t — )■ ^7 at Tevatron and the absence of the single top production 
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eu — )■ et at HERA. The CDF collaboration has set 95% confidence level (CL) limits on 

f] 

the branching fractions Br(t — t- q7) < 0.032 j9|, which corresponds to k] /A < 0.77TeV ^ 



based on 
in QCD 



;he theoretical predictions of t — )■ g + 7 at the Next-to-leading order(NLO) level 



Id, 



The ZEUS collaboration also provides a more stringent constraints, 



< 0.174 at a 95% CL, through the measurements of ep — )■ etX [1^ using the NLO 



predictions [13], which can be transferred to k]^/A < 0.33TeV ^. Recently, the most strin- 
gent experimental constraints for the tqg FCNC coup ling s are Kfu/-^ ^ 0.013 TeV~^ and 
nfJA < 0.057 TeV^i given by the DO Collaboration (ij, and nf^/A < 0.018 TeV"^ and 
i^tc/-^ ^ 0.069 TeV~^ given by the CDF Collaboration 15|, based on the measurements of 



the FCNC single top production using the theoretical predictions, including the NLO QCD 



corrections 
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17( 1 and resummation effects 18|, respectively. 



The observation of qg — )■ '-ft process is a clear signal of top quark FCNC interactions, 
which can be induced by tq'y and tqg couplings, since there is no irreducible backgrounds 
of this process in the SM. There are already several literatures [191] discussing this process 
using effective Lagrangian Eq. ([T]). However they were either based on the LO calculations, 
or the NLO QCD effects are not completely calculated. So it is necessary to present a 
complete NLO corrections to the above process, which is not only mandatory for matching 
the expected experimental accuracy at hadron colliders, but is also important for a con- 
sistent treatment of both the top quark production and decay via the FCNC couplings by 
experiments. 

In this paper, we present the complete NLO QCD corrections to the top quark associated 
with 7 production via tq'j and tqg FCNC couplings with their mixing effects at hadron 
colliders. 

The arrangement of this paper is as follows. In Sec. [Tll we present the LO results for the 
top quark associated with 7 production induced by the tg7 FCNC couplings. In Sec. IIIIl 
we show the details of the corresponding NLO calculations. Sec. IIVI contains the analysis of 
qg — )■ -yt process induced by the the tq'j, tqg FCNC couplings and the mixing effects. We 
present the numerical results in Sec. |Vl Finally, we give our conclusion in Sec. IVH 
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II. LEADING ORDER RESULTS 



At hardron colliders, there is only one process qg — )■ 'yt with q = c,u that contributes 
to the t'-f associated production at the LO via the electroweak FCNC couplings, kJ^. The 
corresponding Feynman diagrams are shown in Fig. [TJ 



g,pi 





FIG. 1: The LO Feynman diagrams for top quark associated with 7 production via the tqj FCNC 
couplings. 



From the effective operator in Eq. ([T]), we obtain the following LO squared amplitudes 
for above process in four dimensions. 
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-{'is'^ + Qst + t^)tm^ + 2st^{s + t) , (2) 

where m is the top quark mass, the colors and spins of the outgoing particles have been 
summed over, and the colors and spins of the incoming ones have been averaged over, s, t, 
and u are Mandelstam variables, which are defined as 



s = {pi+ P2)^ t = {.Pi- Pzf, u = {pi- pif. (3) 

After the phase space integration, the LO partonic cross sections are given by 

1 



B 
ab 



2s 



^ dm^'Wb- (4) 



The LO total cross section at hadron colliders is obtained by convoluting the partonic cross 
section with the parton distribution functions (PDFs) Gj/p for the proton (antiproton): 

cr^ = ^ y dxidx2 [Ga/Piixi, Hf)Gb/p^ix2, iJ.f)a^b] , (5) 



where /J./ is the factorization scale. 
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III. NEXT-TO-LEADING ORDER QCD CORRECTIONS 



In this section, we present our calculations for the NLO QCD correcions to the top quark 
associated with 7 production via the electroweak FCNC couplings. At the NLO, we need 
to include contributions from both the virtual corrections (Fig. H]) and the real corrections 
(Fig. [3]). We use the dimensional regularization scheme (with naive 75) in n = 4 — 2e 
dimensions to regularize both ultraviolet (UV) and infrared (IR) divergence. Moreover, for 
the real corrections, we used the dipole subtraction method with massive partons 20|, |21| 
to separate the IR divergence. 

All the UV divergence appearing in the loop diagrams are canceled by introducing coun- 
terterms for the wave functions and mass of the external fields {6z!f\ Sz!f \ SZ2 \ Sm), and 
the coupling constants (SZg , 6Z^.i^/\). We define these counterterms according to the same 
procedures adopted in Ref . |16| : 

1 



6zi'^ 



6Zi''^ 



SZ^^ 



3 
1 

+ — +4 



1 

eiR 



6Z. 



9s 



— F 1 + e 47r^ 



1 
eiR 



- —C 



1 



1 



euv 127r euv' 



(6) 



where = F(l + e) [(47r /i^)/m ]^ and nj = 5. For 6m, we use the on-shell subtraction: 



6rn _ _a£^ 
m Sit 



+ 4 



(7) 



And, we adopt the MS scheme for the renormalization constants of the electroweak FCNC 
couplings SZ^i /A) and adjust it to cancel the remaining UV divergence exactly: 



SZ, 



^r(l + e)(47r)^ — , 



(8) 



Here we first consider the electroweak FCNC couplings, the running of the couplings are 



given by 



(9) 



where rj = as(/i')/as(/i) and f3o is the 1-loop QCD /3-function given by 11 — |n/ with n/ 
active flavors between the two scales and fi'. 




FIG. 2: One-loop Feynman diagrams for the process qg — )• 'jt induced by the tq'j FCNC coupHngs. 

The squared amplitudes of the virtual corrections are 

W^i-ioop = Yl 2i?e(M^°^^W^ + 2i?e(M^°NW^, (10) 

i 

where M^°°P'* denote the amplitudes for the i-th loop diagram in Fig. [2l and M'^°'^ are the 
corresponding counterterms. All the UV divergence in Eq. (JTOl) have been cancelled as they 
must, but the IR divergent pieces are still present. Because of the limited space, we do not 
show the lengthy explicit expressions of the virtual corrections here. The IR divergence of 
the virtual corrections can be factorized as 

7— -777 as ^ ( 13 L , / s , ^ , —t. , ,s + t. 43] 1 1 

x|M^|2, (11) 

where = [(47r/i^)/m^]Yr(l — e), and |M^P are the squared Born amplitudes given in 
Eq. (E]). 

At the NLO the real corrections consist of the radiations of an additional gluon or massless 
(anti) quark in the final states, including the subprocesses 

Q 9 -^1 t g, g g l t q, qq 1 t q, 

qq -^1 t q, qq t q\ q' q' t q, (12) 

here q denotes u quark for the coupling and c quark for the kJ^ coupling, while q' denotes 
massless (anti)quark other than q. It should be noted that in our NLO calculations we do not 
include the contributions from the SM on-shell production of the top pair with subsequent 
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rare decay of one top quark, pp{p) ti ^ + t + q, which provide the same signature as 
the top quark associated with 7 production via the FCNC couphngs and can be calculated 
separately. 




FIG. 3: Feynman diagrams of the real corrections induced by the tqj FCNC couphngs. 

Before performing the numerical calculations, we need to extract the IR divergences in the 
real corrections. In the dipole formalism this is done by subtracting some dipole terms from 
the real corrections to cancel the singularities exactly, such that the real corrections become 
integrable in four dimensions. These dipole subtraction terms are analytically integrable 
in n dimensions over one-parton subspaces, which give e poles that represent the soft and 
collinear divergences. Then we can add them to the virtual corrections to cancel the e 
poles, and ensure the virtual corrections are also integrable in four dimensions. This whole 
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procedure can be illustrated by the formula [2l|: 



1 




M 


1 m 







(13) 



e=0 



where m is the number of final state particles at the LO, and da"^ is a sum of the dipole 
terms. Besides, at hadron colliders, we have to include the well-known collinear subtraction 
counterterms in order to cancel the collinear divergences arising from the splitting processes 
of the initial state massless partons. Here we use the MS scheme and the corresponding 
NLO PDFs. 

For the process with two initial state hadrons, the dipole terms can be classified into four 
groups, the final-state emitter and final-state spectator type. 



T^ij,k{Pli ■■■iPm+l 

1 



,Ti,-T,; 



(14) 



the final-state emitter and initial-state spectator type. 



the initial-state emitter and final-state spectator type. 



T T 

rri2 ^ ij I 

ij 



• '^3 1 •••) ^1 ■■■)m,ay (15) 



I^TiPl, ...,Pm+l]Pa, •••) 



2paPi X. 



, T, ■ T 



3 -^ai-irai 



Vf|...,j,...;az,...), 



(16) 



ij,a 



and the initial-state emitter and initial-state spectator type, 
V"''^\pi,...,p^+uPa,Pb) = 



1 1 



...:ai,b) 



(17) 



where a, h and z, j, ... are the initial and final state partons, and T and V are the color charge 
operators and dipole functions acting on the LO amplitudes, respectively. The exphcit 
expressions for Xi^ab, Xij^a and V can be found in Ref. [2l|. The integrated dipole functions 
together with the collinear counterterms can be written in the following factorized form 

~ j d^^"'\pa,Ph) m,ab{--\Pa,Pb\i-m+a+b{^)\--]Pa,Pb)m,ab 

+yi dx rf<i>(™)(xp„p,) 

m,a' &(•••; XPa,Pb\P'^+bi^) + K|^'^^(x)|...; XPa,Pb)m,a'b 

a' 

+ {a o 6), (18) 



where x is the momentum fraction of the sphtting parton, rf^^™) contains all the factors 
apart from the squared amplitudes, I, P, and K are insertion operators defined in 21|. 

The operators P and K provide finite contributions to the NLO corrections, and only 
the operator I contains the IR divergences 



II 



IR 



as W 
27rr(l -e) 



2 \ f 



V{sjk, rrij, nik] em) + -=<2^j{mj, em) 



2 (tz.^ V{sja, ruj, 0; em) + ^^r^ K , c/r) + 7^7^ 



+ Ta ■ Tfc 



2 \ f 
Sab 



^IR ^a^IR 



(a ^ b) 



(19) 



with 



V{sjk,mj,mk;em) 



jk 



'^jk \ Sjk 

7j 



X 1 



2e 



:Pk 



2e 



^IR 



em ^iR 



(20) 



where Cp = 4/3, 7^ = 2, and 7^ = 11/2 — nj/S. And Sj^, Qj^, "yjfc, and p„ are kinematic 
variables defined as follows 



Sjk = 2pjPk, Q]k = Sjk + m^j +m 



fe5 ""i 



Vjk 



2 2 
(PjPk)^ 



Pn 



Vjk + 2mll{Q]^ - m) - ml) 



{n = j,k). 



(21) 



1 + Vjk + 2m2/(Q2^ - m2 - ml) 

When inserting Eq. (IT^ into the LO amplitudes as shown in Eq. (ITS]) , we can see that the IR 
divergences can be written as combinations of the LO color correlated squared amplitudes 
and all the IR divergences from the virtual corrections in Eq. f lTT]) are canceled exactly, as 
we expected. 

In order to check our result, we have also performed the calculation with the two-cutoff 
method {22]. We find that the numerical results are in good agreement. 



IV. CONTRIBUTIONS FROM THE ELECTROWEAK AND STRONG FCNC 
COUPLINGS WITH MIXING EFFECTS 

In previous sections, we only consider the contributions from the electroweak FCNC 
couplings, hijq. However, for the top quark associated 7 production process, qg — )■ jt, 

9 



there are additional contributions from the strong FCNC couphngs, /tf^, and the mixing 
effects between these two operators. Because the magnitudes of the coefficients {V = 
'~f,g) depend on the underlying new physics, these operator mixing contributions may be 
significant in certain models. Since the 0{as) corrections to the process qg — ?■ '-ft induced 
by are similar to the ones induced by k]^, we don't show its analytical results, and only 
present the combination of the contributions from the tq'j, tqg and their mixing effects in 
this section. 

In case that both of the and at the same order, the terms proportional to 

{i^iqf^i '^^'^^ ^"^^ i'^'tqY can contribute to qg — ?■ 7t with the same significance. The mixing 
terms, which are proportional to n^tC , could appear in both the LO and NLO. 

At the LO, there are four Feynman diagrams for this process, as shown in Fig. |H Two 
of them are the same as Fig. [H while the others are induced by k^j. 



FIG. 4: The LO Feynman diagrams for top quark production associated with 7 via the tq^ and 
tqg FCNC couplings. 
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The complete LO squared amplitudes for this process in four dimensions are 



|M^|L(s,t,n) 



4 



- {2s + t)m^ + (s^ + Ast + t^)m^ 



3 ys{m?-ty^k 



16 



9(m2 - s)2t^ A 
-(s^ + Qst + 3t^) W + 2s^t{s + t) 



16 f^tq^tq 



)MK*fl + hTqh%) 3m' - Ais + t)m 



3(m2-s)(m2-t)^ A2 ^"-v^*? ^ *<? *<? 
+ (s^ + 3st + t^)m^ - st{s + t) I , (22) 

At the NLO, we need to include both the virtual corrections (Fig. [2l [13] and [H]) and the 
real corrections (Fig. [51 [TBI and [TBI) . The relevant renormalization constants are the same as 
ones in Eqs. ([6]), ([7]) and ((HI), except that we introduce additional renormalization constants. 
We adopt the definition in Ref. pj] 



1 + 6Zgg 6Zg^ 

6Z^g 1 -|- 5Z^^ 



(23) 



where the operators Oi {i = g,'y) are defined as Og = gsqcr^'^T°'{ftci + ^^tqTs)^^'^!/) 
eqcr'^'iftq + ih1^^^)tA^^, and 5Zgg = 6Z^9 6Z^^ = 6Z^i /a. At the 0{as) level, 6Z^ 



presented in Eq. ([H]), and other renormalization constants are given by 

1 



a 



SZ, 



91 



97r 

5Z^g = 0. 



r(l + e)(47r) 
6vr euv 

^"^r(l + e)(47r)^ ^ 



(24) 

(25) 
(26) 



All the UV divergence are canceled exactly after the renormalization. The remaining IR 
divergence of the virtual corrections is the same as Eq. flTT]) . except using the LO ampli- 
tude including the contributions from both the electroweak and the strong FCNC couplings 
instead of M^. 

For the real corrections, we still use the dipole subtraction method as in above section. We 
don't repeat the detailed description here. All the IR divergence from the virtual corrections 
are canceled exactly. A criterion for isolated photon has been suggested in Ref. ^3j, which 
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defines an IR-safe cross section decoupled with hadronic fragmentation and at tlie same time 
allows for complete cancelation of soft gluon divergence. For the case of only one final-state 
massless parton, such criterion is equivalent to the kinematic cut 

p't < for AR,, < ARo, (27) 

1 — cos ARq 

where j stands for either the final-state (anti-) quark or the final-state gluon. ARj^ is the 
distance between the parton and the photon in the rapidity-azimuthal angle plane. We 
choose the cone-size parameters ARq = 0.7 throughout our calculation. 

When we consider the mixing effects, the running of k'^ is different from the one without 
mixing effects. The running of k"^ and k,^ are given by 



= K\fi')r]^, (28) 

4 16 / _i_ 2 \ 

= K'{^)r]^Po + yK^(/i') (r]^('0 -7^3^(0 j , (29) 

where rj = as^jj!) / Ois^jj) and (3^ = 11 — |n/ with Uf = 5. 

V. NUMERICAL RESULTS 

A. Process via the tqj FCNC couplings without mixing effects 

Here we first consider the top associated with 7 production via the tq'j FCNC couplings, 
including the NLO QCD effects on the total cross sections, the scale dependence, and several 
important distributions at both the Tevatron and LHC. For the numerical calculations of 



this process, we take the SM parameters as follow |24j |: 

mt = 172.0GeV, as{Mz) = 0.118, a = 1/128.921. (30) 
And we set the electroweak FCNC couplings as: 

kI/A = kIJK = 0.3TeV-\ (31) 



The running QCD coupling constant is evaluated at the three-loop order 2^ and the 



CTEQ6M PDF set 25|] is used throughout the calculations of the NLO (LO) cross sec- 
tions. Unless specified, both the renormalization and factorization scales are fixed to be the 
top quark mass. Besides, we impose the photon transverse momentum cut px > 40GeV 

12 



and pseudo-rapidity cut \rj\ < 2.5. We have performed two independent calculations for the 



virtual corrections and the integrated dipole terms, and used the modified MadDipole [26 1 
package to generate the Fortran code for the real corrections. The numerical results of the 
two groups are in good agreement within the expected accuracy of our numerical program. 

FCNC coupling tuj (LO) tu-/ (NLO) tc7 (LO) ic7 (NLO) 



LHC ( 



k/A 



O.STeV 



t)^ Pb 



3.78 



5.16 



0.386 



0.537 



Tevatron ( 



k/A 



O.STeV 



-)2 fb 22.2 



33.4 



0.740 



1.09 



TABLE I: The LO and NLO total cross sections for the single top quark associated with 7 pro- 
duction via the tq^ FCNC couplings at both the LHC and Tevatron. 

In Table [U we list some typical numerical results of the LO and NLO total cross sections 
for the top quark associated with 7 production via the electroweak FCNC couplings. 
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FIG. 5: The LO total cross sections and NLO K factors as functions of the photon transverse 
momentum cut. 



In Fig. |5l we show the LO total cross sections and the K factors (Jnlo/o'lo as functions of 
the photon transverse momentum cut, respectively. It can be seen that, for the tcj coupling 
the NLO corrections can enhance the total cross sections by about 50% and 40%, and for 
the twy coupling by about 50% and 40% at the Tevatron and LHC, respectively. And the 
K factors decrease with the increasing transverse momentum cut. 
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In Fig. inland [7]we present the scale dependence of the LO and NLO total cross section for 
three cases: (1) the renormalization scale dependence Hr = fi, /i/ = rrit, (2) the factorization 
scale dependence fir = mt, fif = fi, and (3) total scale dependence It can be 

seen that the NLO corrections reduce the scale dependence significantly for all three cases, 
which make the theoretical predictions more reliable. For example, at the LHC for the twy 
coupling, when the scale /x varies from 0.5mt to 2mt, the variations are about 7% and 5% 
for case (1), 3% and less than 1% for case (2), 9% and 5% for case (3), at the LO and NLO, 
respectively. 




FIG. 6: Scale dependence of the total cross sections at the LHC, the black lines represent the LO 
results, while the red lines represent the NLO results. 
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FIG. 7: Scale dependence of the total cross sections at the Tevatron, the black lines represent the 
LO results, while the red lines represent the NLO results. 

Fig. [8] and |9] give the transverse momentum distributions of the photon and the final state 
top quark, respectively. We can see that the NLO corrections increase the distributions of 
the FCNC top quark associated 7 production in both high and low pt regions. Fig. [TU] shows 
the invariant mass distributions of the photon and the top quark, where there is a peak in 
the middle region in the invariant mass distributions of this process. The NLO corrections 
do not change the shapes of these distributions. 
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FIG. 8: Transverse momentum distributions of the photon, the black and red Hne represent the 
LO and NLO results of the FCNC top quark associated 7 production, respectively. 




FIG. 9: Transverse momentum distributions of the top quark, the black and red line represent the 
LO and NLO results of the FCNC top quark associated 7 production, respectively. 
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FIG. 10: Invariant mass distributions of the photon and the top quark, the black and red line 
represent the LO and NLO results of the FCNC top quark associated 7 production, respectively. 



B. Combination of the contributions from the tq'j and tqg FCNC couplings with 
mixing effects 

In this subsection, we present the numerical results of the single top associated with 7 
production via the electroweak and strong FCNC couplings, including the NLO QCD effects 
and the mixing effects. For the numerical calculations, we take the same SM parameters and 
kinematical cuts as above subsection, and set the values of the FCNC couplings as follows: 

kI/A = kI/A = 0.02TeV-\ kI/A = 4 J A = O.OlTeV-^ (32) 

In Table HIl we show some typical numerical results of the LO and NLO total cross 
sections for process induced by both the electroweak and strong FCNC couplings with the 
mixing effects. 

From above results, we can see that the NLO effects are more significant in the process 
induced by tcV FCNC couplings than in one induced by tuV FCNC coupling. This is because 
that the contributions from gg — )■ -^tc subprocess is exactly the same as gg — )■ '-ytu subprocess, 
while the difference of the corresponding LO cross sections between the above two processes 
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FCNC coupling tuV (LO) tuV (NLO) tcV (LO) tcV (NLO) 



LHC ( ,,Zt-, ? fb 27.8 42.7 3.13 5.61 

^ 0.01 icy ' 

TABLE II: The LO and NLO total cross sections for process induced by the tq'j and tqg FCNC 
couplings with mixing effects at the LHC. Here ftqftq + ^tq^tq — ^■ 

is nearly 10 times. For example, at the LHC, contributions from gg — > 'ytu subprocess are 
about 3% of the corresponding LO cross section of ug — > '-ft, while the contributions from 
gg — )■ 7tc subprocess are about 30% of the corresponding LO cross section of eg — )■ jt. 



1.06 




0.96- 



0.94-1 , , , , 1 , , , , , , , — , — 

0.5 1 2 



FIG. 11: Scale dependence of the total cross sections at the LHC, the black lines represent the LO 
results, while the red lines represent the NLO results. Here k]^ = 2K,f^. 

Fig. [TT] shows the scale dependence of the total cross sections for the top quark associated 
with 7 production via the FCNC couplings with the mixing effects at the LHC. We can see 
that the NLO QCD corrections reduce the dependence of the total cross sections on the 
renormalization and factorization scale significantly, as same as the case without the mixing 
effects. 

After considering the mixing effects, the total cross sections of the top quark associated 
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with 7 production via FCNC couplings can be factorized as: 



A A \ \j J 



(33) 



where A, B and C represent the contributions from different couphngs and mixing effects. 
And, their numerical expressions at the LHC can be written as 



tuV 
LO 



7 9 7 9 



A2.0i'-^y + 57.Q{^y + 26.4(^)(^)Re(/^7^ + 



pb■TeV^ (34) 



tuV 
NLO 



57(- 



_7 

%i \2 

A ' 



+ 129( 



tu\2 



pb ■ TeV^; (35) 



a 



tcV 
LO 



7 g 



4.3(^)2 + 9.5(^)2 + 2.3(^)(^)Re(r73 + h?''h?) 



pb ■ TeV^ 



(36) 



tcV 
NLO 



19 19 

6.0(^)2 + 24.1(^)2 + 4.0(^)(^)Re(r7f + W*h') 



pb ■ TeVl (37) 



In order to investigate the contributions from the mixing effects as shown in 
Eqs. ( |35|) . (!36|) and ( 137|) . we present the contour curves for the variables Re^f^*/^) 

and Iie{h'^* h^) , as shown in Fig. [121 It can be seen that the total cross sections at the NLO 
with the mixing effects increase slowly with increasing of Re(/'^*/^) and 'Re{h'^*h^). 




FIG. 12: The contour curves of the total cross sections (fb) of the top quark associated 7 production 
at the NLO including the mixing effects versus the variables Re(/'''*/^) and I{e{h'^*h^). The left 
diagram represents the process induced by tuV couplings. And the right one shows the process 
induced by tcV couplings. 
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VI. CONCLUSIONS 



We have calculated the NLO QCD corrections to the top quark associated with 7 pro- 
duction via the tq^ and tqg FCNC couplings at hadron colliders, respectively, and we also 
consider the mixing effects. Our results show that, the NLO QCD corrections can enhance 
the total cross sections by about 50% and 40% for the tg7 couplings at the Tevatron and 
LHC, respectively. If we combine the contributions from the tg7, tqg FCNC couplings and 
the mixing effects, the NLO QCD corrections can enhance the total cross sections by about 
50% for the tu^ and tug FCNC couphngs, and by about 80% for the tc^ and teg FCNC 
couplings at the LHC. Moreover, the NLO QCD corrections reduce the dependence of the 
total cross sections on the renormalization or factorization scale significantly, which leads 
to increased confidence in our theoretical predictions based on these results. Besides, we 
also evaluate the NLO QCD corrections to several important kinematic distributions, i.e., 
the transverse momentum of the photon and the top quark, and the invariant mass of the 
photon and the top quark, respectively. We find that the NLO corrections are almost the 
same and do not change the shape of the distributions. 
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FIG. 13: One-loop Feynman diagrams induced by the tqg FCNC couphngs, part I. 
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: One-loop Feynman diagrams induced by the tqg FCNC couplings, part II. 
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FIG. 15: Feynman diagrams of the real corrections induced by the tqg FCNC coupUngs, part I. 
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FIG. 16: Feynman diagrams of the real corrections induced by the tqg FCNC couphngs, part II. 
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